Overexpression of P-glycoprotein (P-gp) in cancer cells
Introduction
Resistance of malignant cells to cytotoxic drugs is one of the main reasons for the failure of chemotherapy. Experimental systems including in vitro cultured cell lines have identified several mechanisms of cellular resistance to chemotherapeutic agents. 1 One of these mechanisms is the so-called 'multidrug resistance' (MDR) that involves an increased expression of the mdr1 gene product, a 170 kDa glycoprotein named P-glycoprotein, in tumor cell plasma membrane. This energy-dependent transmembrane pump, that belongs to a large superfamily of highly conserved ATP-binding cassette proteins, facilitates the cellular efflux of various substances, thereby reducing their intracellular concentration. 2 In normal cells from various tissues, eg biliary canaliculi, 3 endothelium of the blood-brain barrier 4 and bone marrow stromal cells, 5 P-glycoprotein is thought to act as a detoxifying agent by pumping toxins or xenobiotics out of these cells. In organs such as adrenal glands, P-glycoprotein might be involved in the transport of steroid hormones. 6 Overexpression of P-glyco- protein in cancer cells reduces intracellular accumulation of a broad array of anticancer drugs including anthracyclines, vinca alkaloids, and epipodophyllotoxins. 2 Expression of mdr1 mRNA and the presence of P-glycoprotein have been detected in a large number of human tumors, including malignant lymphomas, 7-10 multiple myelomas 8, 11 and chronic lymphocytic leukemias. 12 Moreover, MDR phenotype of tumor cells has been correlated with poor response rates to chemotherapy as well as shortened event-free survival and overall survival in a variety of malignancies. 1, [13] [14] [15] [16] The P-glycoprotein-mediated decrease of intracellular accumulation of cytotoxic agents can be reversed efficiently in vitro by a number of non-cytotoxic drugs. 17 The clinical use of most of these drugs is precluded by serum protein binding or clinical toxicity. 18 We observed that serum from patients receiving conventional doses of quinine by intravenous infusion reversed the MDR phenotype of rat colon cancer 19 and human leukemic cells. 20 Based on this observation, quinine appeared as a good candidate for evaluating the clinical interest of MDR reversing agents. Quinine was demonstrated to be safe when combined with mitoxantrone and cytarabine for treating acute leukemia patients 21 as well as with doxorubicin and vincristine for treating patients with refractory multiple myeloma or malignant lymphomas (unpublished data). Although quinine did not significantly improve the response rate of refractory and relapsed acute myelogenous leukemias, 22 we demonstrated its ability to improve the response of P-glycoprotein-expressing myelodysplastic syndromes to a mitoxantrone-cytarabine combination. 23 In a search for a more effective MDR inhibitor, we have identified cinchonine as the most potent cinchona bark alkaloid, both in vitro and in animal models. 24 Cinchonine is more efficient than quinine in increasing the intracellular accumulation and restoring the cytotoxicity of doxorubicin, mitoxantrone and vincristine on well-characterized MDR cell lines. 25 The plasma proteins have limited influence on the MDR reversing activity (MRA) of cinchonine and the fraction of the compound that is trapped in red blood cells is rapidly and completely exchangeable with plasma. 26 In rats bearing resistant tumors, cinchonine is more efficient than quinine in increasing the efficacy of anticancer drugs. 25 Although cinchonine has been used previously in the clinic, either alone or in combination with quinine and/or quinidine for the treatment of malaria, its pharmacokinetics remained incompletely studied, 27, 28 its tolerance in humans had not been widely investigated and its combination with cytotoxic drugs remained to be tested.
The present phase I study was undertaken to determine the maximal tolerated dose (MTD) of cinchonine administered by continuous intravenous infusion for 48 h in combination with cyclophosphamide, doxorubicin, vinblastine and prednisone (CHVP regimen) in patients with a refractory or relapsed lymphoproliferative disease. The main adverse effect of cinchonine was observed to be a dose-dependent increase of cardiac repolarization, as demonstrated by QT interval prolongation.
Patients and methods

Patients
The initial design of this open multicenter phase I trial and the subsequent amendments were approved by the institutional review board of Dijon hospital. Before treatment, every patient gave informed consent after having been advised about the purpose and investigational nature of the study as well as potential risks. Patients eligible for the study were those older than 17 and younger than 76 years of age with a histologically established diagnosis of malignant lymphoid disease, including non-Hodgkin and Hodgkin lymphoma, chronic lymphocytic leukemia and multiple myeloma. These patients were refractory to conventional chemotherapy including anthracyclines, or in relapse after having received at least one chemotherapeutic regimen including anthracyclines. Patients likely to be cured or to have prolonged response to conventional therapy were excluded. Those with limited life expectancy (Ͻ1 month), abnormal kidney function (creatinine Ͼ150 mol/l), abnormal hepatic functions (serum bilirubine Ͼ35 mol/l, transaminases or alkaline phosphatases Ͼ4 × N), bone marrow dysfunction unrelated to the disease or electrolyte disorder were ineligible. Other exclusion criteria included known hypersensitivity to quinine and related molecules, previous history of hemorrhagic cystitis after cyclophosphamide administration and abnormal cardiac function, including decreased isotopic left ventricular ejection fraction (Ͻ50%), arrhythmia requiring treatment and untreated atrio-ventricular heart block.
Regimen
Cinchonine dihydrochloride was supplied by Debiopharm SA (Lausanne, Switzerland) as a solution in water (50 mg/ml) and diluted in 5% glucose solution. As shown in Figure 1 Schematic representation of the trial. CHVP: cyclophosphamide, doxorubicin, vincristine, prednisone. on days 2 and 3 and further given per os from days 4 to 6. Each patient received at least one complete cycle of treatment. This cycle was repeated every 28 days, depending on tolerance, response and patient's agreement, up to a maximum of six cycles. At least six patients were included in each step of the study. Patients required a central venous catheter for all infusions and were hospitalized during the first 4 days of the initial cycle of CHVP/cinchonine.
Monitoring of toxicity
Clinical symptoms, pulse rate and blood pressure were monitored twice a day by the investigator during cinchonine infusion. Laboratory tests (blood cell count, electrolytes, hepatic enzymes, urea and creatinine serum level) were performed before, during and after cinchonine infusion. Toxicity was assessed according to the NCI common toxicity criteria scale. At the beginning of the study, cardiac toxicity was assessed by one daily electrocardiogram (ECG) and continuous scope monitoring with pulse rate alarm. After having identified QTc prolongation and according to the recommendations of the Ethics board and the Agence Française du Médicament, patients were hospitalized in an intensive care unit. A Holter recording (see below) starting 4 h before cinchonine infusion and stopped 24 h after the end of this infusion was included in the monitoring procedure. In addition, five ECGs were recorded during every first cycle, with a double amplitude (2 cm/mV) and a paper speed of 50 mm/s on 12 standard leads with at least 10 complexes per lead. The five ECGs included two baseline registrations before treatment (period A), one during cinchonine infusion before chemotherapy (period B), one during cinchonine infusion, after the end of chemotherapy (period C) and one after the end of cinchonine infusion (period D) ( Figure 2 ). All these ECGs were coded blindly and analyzed by an independent expert. Serious adverse events were recorded by the investigator who informed the sponsor within 24 h, according to the French legislation.
Holter analysis
ECG was recorded continuously on a Synesis digital recorder (ELA-Medical, Le Plessis-Robinson, France) equipped with a Flash card with the PCMCIA standard renewed every 24 h. Recordings were initiated at least 4 h before the start and stopped 24 h after the end of cinchonine infusion and stored on a 2.3 gigaoctet laser disk using a power MO2600 optical reading-recording device (Olympus Optical Co Ltd, Le Plessis Robinson, France). The standard Holter ELA-medical reading software (version 3.1) was used to recognize QRS complexes, to analyze heart rate variability in time and frequency domain, to identify arrhythmia and to measure the duration of QT intervals.
Response criteria
Clinical and biological parameters that characterized disease extension were registered at inclusion and checked after every chemotherapy cycle, together with the performance status. The main parameters used to evaluate patients with lymphoma were lymph node, spleen and liver enlargement, any other tumor localization and LDH serum level. In patients with CLL, we monitored the number of peripheral blood lymphocytes, hemoglobin serum level, platelet count and lymph node, spleen and liver enlargement. In patients with multiple myeloma, we checked immunoglobulin levels in serum and urine, bone marrow plasmocyte infiltration, creatininemia, calcemia, hemoglobin serum level, platelet count and bone X-rays.
Pharmacokinetics of cinchonine
Blood samples were collected at various times before, during and after cinchonine infusion. A 10 ml urine sample was collected from the 24-h urines, before treatment, after 24 and 48 h of cinchonine infusion and 24 h after the end of cinchonine infusion ( Figure 1 ). Total cinchonine concentration in serum and urine samples was determined by using a previously described high performance liquid chromatography (HPLC) method. 18 Briefly, 100 l of the tested sample was mixed with 100 l hydroquinidine (1 g/l; Sigma-Aldrich, L'Isle d'Abeau, France) as an internal standard. Extraction was performed with a 5 ml mixture of dichloromethane (Merck, Darmstadt, Germany) and isoamylic alcohol (98:2, v/v; SigmaAldrich). After centrifugation, the organic phase was evaporated to dryness, dissolved in the mobile phase (potassium dihydrogen phosphate 0.045 M, acetonitrile, 4:1, v/v, pH 3.8) and injected into the HPLC apparatus equipped with a fluorescent detector (Waters, Saint-Quentin, France). The stationary phase was a Lichrospher 60 RP-select B column (125 × 4 mm, 5 ) coupled with a pre-column Lichrospher 60 RP-select B 5 m column (4 × 4 mm). The detection was made by fluorometry at excitation and emission wavelengths of 315 and 418 nm, respectively. A calibration curve was used to determine the cinchonine concentration in each tested sample. The lower limit of detection was 0.01 g/ml and the lower limit of quantification was 0.2 g/ml.
Pharmacokinetics of doxorubicin
Plasma doxorubicin concentrations were also determined by the use of a HPLC method with fluorometric detection. Briefly, daunorubicin (10 g/ml) was added to the tested sample with 0.05 M borate buffer (pH 9.8) before extraction for 15 min with a 5 ml mixture of dichloromethane (Merck) and ethanol (4:1, v/v; Sigma-Aldrich). After centrifugation at 1000 g, the organic phase was evaporated to dryness, dissolved in the mobile Leukemia phase (0.05 N H 3 PO 4 , acetonitrile, tetrahydrofurane, triethylamine, pH 2.5) and injected into the HPLC apparatus (Waters) equipped with a fluorescent detector (Shimadzu, Saint-Quentin, France). The stationary phase was a microBondapack Waters C18 column. The detection was made by fluorometry at excitation and emission wavelengths of 478 and 550 nm, respectively. A calibration curve was used to determine the doxorubicin concentration in each tested sample. The lower limit of quantification was 1 ng/ml and the last standard concentration was 5 ng/ml. The precision and accuracy for all tested concentrations, including the LOQ value (at 1 ng/ml) were within 15%.
Ex vivo bioassay measuring serum MDR reversing activity
To determine the ability of serum from cinchonine-treated patients to increase doxorubicin intracellular concentration by reversing the MDR phenotype, we used a previously described bioassay. 24 DHD/K12-TRb rat colon cancer cells, in which the MDR phenotype has been clearly identified, were seeded in microtiter plates (48 wells/plate) and cultured for 24 h, then incubated for 4 h at 37°C with 20 M doxorubicin (including 3% 14 C-doxorubin and 97% non-radioactive drug) diluted in 0.35 ml serum-free HAM's F10 medium or serum samples obtained from patients. Serum-free medium containing 10 g/ml cinchonine hydrochloride was used as a positive control. After incubation, cells were rinsed three times with ice-cold phosphate-buffered saline (PBS), disrupted in 0.25 ml of 1 N NaOH and transferred into counting vials with 3 ml scintillant liquid (LKB, Stockholm, Sweden). The radioactivity, that represents intracellular doxorubicin accumulation (IDA) was measured on a ␤ scintillation counter (LKB 1241 Rackbeta, Stockholm, Sweden). Each determination was performed in duplicate with two wells per point. The serum reversing activity at time Tn was calculated according to the following formula: [(IDA at Tn − IDA at T0)/IDA at T0] × 100 where IDA is expressed as cpm.
Data analysis
The pharmacokinetic analyses were performed using the Siphar Software (SIMED, Chatenay-Malabry, France), following a non-compartmental model for cinchonine and a threecompartmental model for doxorubicin. These models were fitted to data using weighted least squares algorithms. The terminal phase rate constant kel was determined by the leastsquare method from the slope of terminal exponential decrease of drug concentration (␤ phase) to the time in semilogarithmic coordinates. Area under the curve (AUC) of plasma concentrations was calculated using the trapezoidal method from the first to the last measurable concentration and extrapolated to infinity by dividing the last plasma concentration by the rate constant for elimination of the drug. To determine the influence of cinchonine on the pharmacokinetics of doxorubicin, each patient was considered as his own control and a Student's t-test for paired series was used. Statistical analysis of data obtained from Holter recording was performed using analysis of variance (ANOVA), according to the period alone or the period and the dose level of cinchonine. Differences between doses were analyzed using the Bonferini's test. Comparisons of parameters in terms of doses and as a function of the period were performed using Student's Leukemia t-test for unpaired series. A calculated P value Ͻ0.05 was considered significant.
Results
Characteristics of patients
Thirty-four patients entered the study. It was initially planned to include three patients at each cinchonine level and to stop dose escalation when any grade 3 or 4 toxicity occurred in two out of three patients at a given dose level. Identification of increased QT intervals led us to increase the number of patients at each step better to monitor electric changes by a combination of repeated ECGs and the Holter technique (see below). The total number of patients included at each of the five different steps is indicated in Table 1 . Each patient received at least one cycle of the cinchonine-CHVP combination. One to five additional cycles were administered every 4 weeks, based on the physician assessment of clinical benefit and potential toxicity and the patient's agreement. The total number of cycles administered at each of the five different steps is indicated in Table 1 . Altogether, 87 cycles of the CHVP-cinchonine combination were administered. All the patients had been previously treated with anthracyclines and vinca alkaloids. The mean delay between initial diagnosis and inclusion in the study was 55 ± 44 (range 4-158) months. The main characteristics of these patients are summarized in Table 2 .
Non-hematologic toxicity
All 34 patients and 87 cycles of treatment were available for toxicity analysis. Nineteen patients (56%) reported one or several transient symptoms previously related to quinine derivatives, including headache (nine patients, 19 cycles), dry mouth (nine patients, 12 cycles), tinnitus (two patients, three cycles) and dizziness (two patients, two cycles). These symptoms remained moderate, did not require specific treatment or cinchonine dose decrease and disappeared at the end of drug infusion. Fifteen of these 19 patients received a cinchonine dose equal to or higher than 25 mg/kg/d. Other adverse events were classified according to the NCI criteria and listed in Table 3 . Abnormal liver function was registered in 15 (44%) patients during the first CHVP/cinchonine cycle and 43% of the 87 evaluated cycles. In all cases but three, liver toxicity remained limited to NCI grade 1-2 toxicity. A mild to moderate increase of creatininemia was identified in 23% of the cycles. In most cases, these patients had required nephrotoxic antibiotics and/or antifungal drugs in addition to chemotherapy. Infections were observed in 23% of the 87 cycles These secondary effects were classified according to the NCI criteria. Cinchonism included headache, dry mouth, tinnitus, and dizziness.
and occurred in the setting of disease-related cytopenia and immune deficiency. Nausea and vomiting were observed in 25 and 20% of the cycles respectively, despite the systematic administration of antiemetic drugs. In two patients, a decrease of the left ventricular ejection fraction was detected during the course of the study, after one and three cycles, respectively. One episode of grade 1 bradycardia and two episodes of supraventricular tachycardia were also registered. In other patients, ECG recording indicated that atrial rate (83 ± 12/min; range 52-103), PR interval (0.15 ± 0.03 s; range 0.1-0.2) and QRS duration (0.09 ± 0.01 s; range 0.08-0.10) were not significantly influenced by cinchonine administration at any of the tested doses. Cardiac monitoring detected a prolongation of the QT interval in the first patients included in the study. This event required a more specific analysis, the results of which are described below.
QT interval increase
Long-term ECG recording using the Holter technique was used to study QT interval further, to measure heart rate and to detect arrhythmia in 23 patients (total number of recordings: 136). The corrected QT interval (QTc), according to Bazett's formula, 29 significantly increased under cinchonine exposure, whether measured at the top of the T wave (QTac) (Figure 2 ) or at the end of the T wave (QTec) (data not shown). This increase did not correlate with age, sex, associated medications, previous dose of anthracycline received, potassium and magnesium serum level and previous history of any cardiac symptoms. QT interval increase appeared during the first hours of cinchonine infusion, remained stable during drug infusion and returned to the baseline level over a period of 8 to 10 h after discontinuation of the drug. However, at the 35 mg/kg/d cinchonine dose, QTc interval remained significantly increased during period D, as compared with period A (P Ͻ 0.05). Moreover, at this dose level, five of eight patients included demonstrated a more than 20% increase of the QT interval (Table 4) . ANOVA indicated a significant correlation between the dose level of cinchonine and the QT interval increase (P = 0.013). No significant difference was observed between QT intervals registered during period B and those registered during period C, suggesting that doxorubicin did not influence QT duration (P = 0.768). Based on these observations, the dose escalation was stopped and 30 mg/kg/d was considered as the MTD of cinchonine administered by continuous i.v. infusion.
Other cardiac effects
The incidence of isolated supraventricular premature beats was reduced by a half during period B (0.97 ± 0.23/h) compared to period A (1.80 ± 0.55/h). The incidence of ventricular premature beats also decreased during cinchonine perfusion (0.35 ± 0.13 and 0.25 ± 0.13 VPBs/h during period B and C, respectively, vs 0.43 ± 0.19 VPBs/h during period A). Couplets of ventricular premature beats were registered in two patients. ⌬ QTc indicates the variation between baseline QTc measured in period A (see Figure 2 ) and the longer QTc interval measured during cinchonine infusion (period B and C).
Leukemia
Long-term ECG recording also confirmed that cinchonine did not exhibit any significant bradycardiac effect.
Hematologic toxicity
A majority of the 34 studied patients demonstrated diseaserelated cytopenia at the time of inclusion in the trial (Table 5) , including anemia (n = 28), granulocytopenia (n = 12) and thrombopenia (n = 26). The CHVP/cinchonine induced cytopenia in all patients with normal hemogram at inclusion and increased the severity of cytopenia in all other patients. In all cases the patients recovered from this transient decrease in peripheral blood cell count. Moreover, increased hemoglobin level and platelet count (as compared to their respective baseline level) were considered as a positive response criteria in 7 of 11 responding patients (see below).
Serious adverse events
A total of 34 serious adverse events (SAE) were reported in 22 out of 34 patients during the course of this study. The main cause for these SAE was fever (n = 21) that was related to documented infection in 14 cases (bacterial septicemia: six, pneumonia: three, cytomegalovirus infection: two, gastroenteritis: one, oral candidosis: one; invasive pulmonary aspergillosis: one). Fever was from unknown origin in the seven remaining cases. All these patients recovered under anti-infectious therapy. The origin of other SAE was supraventricular tachycardia (n = 1), cytopenia requiring transfusion (n = 4) and disease progression (n = 10) that led to death in six patients. None of the deaths that occurred during the trial could be related to cinchonine infusion.
Pharmacokinetics of cinchonine
The pharmacokinetics of cinchonine was assessed over a 69-h period, including the 48-h period of infusion and the 21 h following drug infusion disclosure (Table 6 ). This study was completed during the first course of cinchonine in 23 of the 34 patients included in the study. Cinchonine serum concentration dramatically increased during the first hours of drug infusion to reach a steady-state level after 8 to 12 h of drug infusion and decreased rapidly after the end of this infusion. Significant inter-individual variability was observed. Nevertheless, both the concentration of cinchonine at the steady- Number of patients who demonstrated peripheral blood cytopenia before (baseline) and following (treated) infusion of at least one CHVP/cinchonine cycle. The severity of cytopenia was graded according to the NCI score. Cinchonine concentration was measured in serum by a HPLC method during the first course of the regimen. n, number of patients studied; Css, concentration at the steady-state level (mean of 6 concentrations); T1/2␤, terminal half-life; MRT, maximal retention time; AUC, area under the curve; CU, cinchonine in urines (% of total cinchonine infused).
state level (Css: mean of 6 concentrations) and the area under the curve (AUC) increased with the total dose of cinchonine administered ( Figure 3 ; r 2 = 0.388 and 0.387, respectively). Although no significant relationship was observed between the cinchonine dose expressed in mg/kg and the pharmacokinetic parameters, the higher mean values of Css and AUC were obtained at the higher cinchonine dose ( Table 6 ). The concentration of the major metabolite detected on the HPLC profile could not be measured directly since the chemical synthesis of this metabolite has not yet been performed. In the absence of an available standard, we measured the ratio of the peak area of this metabolite to the peak area of cinchonine internal standard. This analysis suggested that the pharmacokinetic profile of the metabolite was similar to that of cinchonine (data not shown). Less than 10% of cinchonine administered was excreted in urines in which the major metabolite was the main compound identified.
MDR-reversing activity in serum samples
To assess the efficacy of cinchonine as an MDR-reversing agent in patients, we measured the MRA of every serum sample collected for the pharmacokinetic analysis. 24 A significant MRA was detected in the serum from every patient. This activity appeared during the first hours of drug infusion, reached a steady-state level after 8 to 12 h of cinchonine infusion and decreased rapidly after the end of drug adminis- tration (see for example Figure 4) . Linear regression analysis demonstrated a good correlation between MRA and cinchonine serum level at all the doses tested ( Table 7 ). The maximal MRA slightly increased with the dose of cinchonine administered, although this increase was not statistically significant ( Table 7) .
Pharmacokinetics of doxorubicin
The influence of cinchonine on the pharmacokinetics of doxorubicin was studied in six additional patients (five men, one woman, mean age; range 52-75 years) at the end of the present study. Each of these patients received one course of CHVP regimen without cinchonine. Three weeks later, they received a second course of the same chemotherapy in combination with a 20-h continuous i.v. infusion of 30 mg/kg/d cinchonine, starting 12 h before chemotherapy infusion. The pharmacokinetic profile of doxorubicin with and without cin- Multidrug resistance reversing activity (MRA) was measured by using a bioassay in each serum sample tested for the pharmacokinetic analysis. MRA was expressed for each sample as a percentage of increase compared to that measured in the serum sample obtained before starting cinchonine infusion. Maximal MRA is the mean ± s.d. of the maximal MRA measured in each patient for the studied dose of cinchonine. Linear regression analysis was used to compare MRA with cinchonine serum level for each patient (see Figure 4 ). Coefficients shown are the mean ± s.d. of those obtained in each patient for the studied dose of cinchonine.
chonine is shown in Figure 5 and the main pharmacokinetic parameters are summarized in Table 8 . Cinchonine demonstrated limited influence on the pharmacokinetic parameters of doxorubicin since the only significant change was a 31% decrease of its total body clearance (P = 0.03).
Response to treatment
A clinical or biological improvement was observed in 11 of the 34 included patients and was associated in every case with an improved performance status (Table 9 ). Five patients with multiple myeloma demonstrated a significant decrease of their immunoglobulin serum level and/or an increase in their platelet count. Four patients with non-Hodgkin's lymphoma also demonstrated a clinical response characterized by a decrease of tumor volume and/or an improvement of biological markers such as LDH serum level. In two patients with anthracycline refractory CLL, we observed a decrease of their peripheral blood lymphocyte count and an increase of their hemoglobin level. Two additional transient responses were Leukemia registered: one patient with CLL demonstrated a significant decrease in lymph node volume and spleen size without change in peripheral lymphocyte count whereas another patient with multiple myeloma showed a 50% fall of serum monoclonal immunoglobulin level after the first cycle of chemotherapy but further progressed after two cycles.
Discussion
The present study demonstrates that efficient serum concentrations of cinchonine, a cinchona bark alkaloid that modulates the function of P-glycoprotein in vitro, are achievable in patients when this compound is administered by continuous intravenous infusion. Cinchonine was observed to delay cardiac repolarization in a dose-dependent manner. This cardiac side-effect was considered as the dose-limiting toxicity.
P-glycoprotein inhibition was suggested to increase the cardiac toxicity of anthracyclines in animal models. [30] [31] [32] This observation was not confirmed in clinical trials of chemosensitizing agents. 33, 34 In the present study, two of the 40 patients who received the CHVP/cinchonine regimen demonstrated a mild and asymptomatic decrease of their left ventricular ejection fraction during the course of the study and none demonstrated symptomatic heart failure. On the other hand, acute cardiac toxicity was frequently observed in studies testing the first chemosensitizing agents designated to modulate the function of P-glycoprotein. [35] [36] [37] For example, the calcium channelblocking agent verapamil was observed to induce transient complete heart block, congestive heart failure and severe hypotension. 38 However, cardiovascular toxicity can be distinguished from P-glycoprotein inhibition, as demonstrated with verapamil chiral enantiomers 39, 40 and several other MDR-reversing drugs. 33, 34 Preclinical studies performed in rats and dogs did not anticipate the prolonged cardiac repolarization observed in most patients who received cinchonine. 26 Increased QTc intervals 29, 41, 42 were detected by systematic ECG monitoring. Class III antiarrhythmics such as amiodarone and bretylium intentionally increase cardiac repolarization 42 whereas unintentional QTc increase has been related to syncope and potentially life-threatening ventricular tachycardia, especially 'torsades de pointes'. 43 Quinidine, which has been tested as an MDR-reversing agent, 37 is one of these medications that can provoke syncopes at low plasmatic concentrations. 44, 45 The triazine-aminopiperidine derivative, S9788, that has been developed as a specific MDR-modulator, induced auriculoventricular blocks and 'torsades de pointes'. 46 It is worth noting that no ventricular arrhythmia was observed during the 96 cycles of cinchonine.
The antiarrhythmic potency varies among cinchona bark alkaloids. 47, 48 Cinchonine exerted a discrete, anti-arrhythmic effect without causing bradycardia. A triplet of ventricular extrasystoles was detected in one patient whereas long-term ECG registration using the Holter method showed that the overall incidence of ventricular premature beats decreased during cinchonine perfusion. Frequential analysis indicated that control of the heart rate by the sympathetic nervous system was reduced by cinchonine, an effect observed with the class Ic anti-arrhythmic propafenone, 49 but did not significantly affect the sympathetico-vagal balance. 50, 51 This may explain the absence of 'torsade de pointes' whose occurrence has been shown to require a low stimulation frequency. 52 All the patients were systematically supplemented in potassium and magnesium, which could also account for the lack of arrhythmia.
53 Table 8 Influence of cinchonine on the pharmacokinetic parameters of doxorubicin A significant correlation was observed between the dose of cinchonine administered and the QTc interval increase. At the 35 mg/kg/d cinchonine dose, the mean QTc interval remained increased during the last period of observation. At this dose level, five of eight patients demonstrated a more than 20% increase of QTc interval. Based on these two observations, the dose escalation was stopped at 35 mg/kg/d and we considered that 30 mg/kg/d was the MTD.
Measurement of the MRA in serum from patients receiving an MDR reversing drug is an interesting indication of the drug activity in the clinical setting. [17] [18] [19] A 12-h cinchonine infusion was required to reach an optimal MRA. After cinchonine infusion arrest, both drug serum level and MRA decreased rapidly, suggesting that cinchonine infusion might be maintained for at least 3 h after chemotherapeutic drug administration. We also show that cinchonine only slightly decreases doxorubicin clearance, in contrast with the strong increase of doxorubicin AUC observed in the presence of dexverapamil. 39 Several other MDR reversing agents were shown to decrease the clearance of cytotoxic drugs. 18, 39, [54] [55] [56] [57] [58] [59] However, the pattern of alteration of cytotoxic pharmacokinetics varies among the Pglycoprotein inhibitors, suggesting inhibition of specific cytochrome P-450 drug metabolism or interaction with membrane efflux pumps other than P-glycoprotein rather than a direct consequence of P-glycoprotein inhibition. 60, 61 Although MDR phenotype is a prognostic factor in several malignant diseases, the issue of whether P-glycoprotein is a useful therapeutic target or a marker of cancer cell behavior remains a controversial issue 62 that requires potent MDRreversing drugs to be evaluated. When compared to quinine, cinchonine has the advantage of inducing a more efficient Pglycoprotein inhibiting activity in patient serum. Compared to cyclosporin A and its analogue PSC833, cinchonine has the advantage of having limited influence on the pharmacokinetics of doxorubicin. These characteristics justify further development of the compound. A phase II study has been initiated by the GELA group in patients with refractory or relapsed nonHodgkin's lymphomas. Given the potential cardiac toxicity of cinchonine, this phase II trial includes careful cardiac monitoring as well as magnesium and potassium supplementation to prevent any ventricular arrhythmia.
